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Abstract—To guarantee the success of massive multiple-input
multiple-output (MIMO), one of the main challenges to solve
is the efficient management of pilot contamination. Allocation of
fully orthogonal pilot sequences across the network would provide
a solution to the problem, but the associated overhead would
make this approach infeasible in practical systems. Ongoing
fifth-generation (5G) standardisation activities are debating the
amount of resources to be dedicated to the transmission of
pilot sequences, focussing on uplink sounding reference signals
(UL SRSs) design. In this paper, we extensively evaluate the
performance of various UL SRS allocation strategies in practical
deployments, shedding light on their strengths and weaknesses.
Furthermore, we introduce a novel UL SRS fractional reuse (FR)
scheme, denoted neighbour-aware FR (FR-NA). The proposed
FR-NA generalizes the fixed reuse paradigm, and entails a trade-
off between i) aggressively sharing some UL SRS resources, and
ii) protecting other UL SRS resources with the aim of relieving
neighbouring BSs from pilot contamination. Said features result
in a cell throughput improvement over both fixed reuse and
state-of-the-art FR based on a cell-centric perspective.
I. INTRODUCTION
In order to achieve a high spectral efficiency, massive
multiple-input multiple-output (MIMO) has been identified as
one of the most promising technologies for the fifth-generation
(5G) wireless communication systems [1]–[3]. Massive MIMO
base stations (BSs) employ a large number of radiating antenna
elements to spatially multiplex a significant number of users
(UEs) while providing large beamforming gains. One of the
most important operations in massive MIMO is channel train-
ing, i.e., the acquisition of precise channel state information
(CSI). Such acquisition process relies on the use of reference
signals. In a time division duplex (TDD) system, downlink
(DL) channels can be estimated through uplink (UL) pilots
thanks to channel reciprocity. This makes the training time
proportional to the number of UEs, rendering TDD particularly
suitable for massive MIMO [4].
A. Background and Motivation
In the fourth-generation (4G) wireless communication sys-
tems, also known as Long Term Evolution (LTE), UL CSI
is acquired through the use of sounding reference signals
(SRSs). Various SRS configurations are possible, resulting in
different channel estimation capabilities in both the time and
frequency domains [5]. Although SRSs are mostly used in LTE
for providing wide- or sub-band CSI – thus assisting the UL
medium access control (MAC) scheduler in allocating UEs to
resource blocks (RBs) –, SRSs are considered in the ongoing
5G standardisation as the main candidate to carry UL massive
MIMO pilots in TDD systems. In this context, the assignment
of UEs to UL SRSs has become critical, as it can significantly
affect the system performance. Indeed, since the number of
UL SRSs for a given bandwidth is limited, and because the
number of multiplexed UEs may be significantly larger than
that in existing systems, UL SRSs must be reused across cells.
Said necessary UL SRS reuse results in pilot contamination,
which has been identified as one of the main limiting factors
in massive MIMO systems [1], [2].
Several works have been carried out in the past few years to
address the issue of pilot contamination, and a comprehensive
survey can be found in [6]. In particular, an efficient approach
to mitigate pilot contamination consists in coordinating the
use of the UL SRSs across network cells by applying fixed
pilot reuse schemes [7]. Through these schemes, UL SRSs are
assigned such that they are not reused by any neighbouring
cell in a given area. Meeting such requirement comes at the
expense of increasing the associated training overhead, as
more time-frequency resources are needed to train the same
number of UEs. Fractional reuse (FR) has been proposed as
a generalisation of the fixed pilot reuse approach [8], [9]. In
FR, some UEs benefit from a coordinated pilot assignment
and are relieved from severe pilot contamination, while the
rest of the UEs aggressively reuse the remaining pilots. For
example, in [8], [9], vulnerable cell-edge UEs are assigned
a subset of protected pilots, while cell-centre UEs share the
same non-protected pilots across the network. While this
approach has the merit of refining the trade-off between pilot
contamination and training overhead, we show that the metric
it employs – based on a cell-centric approach – leaves room
for improvement.
B. Approach and Summary of Results
In this paper, we embrace the FR paradigm and propose
a novel neighbour-aware FR (FR-NA) approach for UL SRS
coordination. Unlike cell-centric FR (FR-CC) in [8], in the
proposed FR-NA BSs follow a selfless approach, driven by
the pilot contamination each of their associated UEs causes at
neighbouring cells. We also provide an in-depth performance
evaluation for FR-NA, comparing it to conventional fixed reuse
schemes and to FR-CC for a variety of SRS configurations and
under realistic channel assumptions. Our study contributes the
following insights:
• Randomly assigning UL SRS sequences without BS
coordination results in poor performance regardless of
Fig. 1: Subframe structure model. Dark blue zones are dedicated to UL SRS
transmission for all scheduled UEs, whereas light grey zones are dedicated to
DL data transmission.
the number of available sequences. This occurs either
because pilot contamination is not prevented or because
the associated overhead is large.
• Selection of the appropriate UL SRS reuse scheme is key
to guarantee a satisfactory performance, and it depends
on the number of active UEs and on the available time-
frequency resources for UL SRS transmission.
• The proposed FR-NA UL SRS allocation scheme pro-
vides 43% DL BS throughput gains with respect to
Reuse 1, i.e., fixed full reuse, where all UL SRS resources
are reused by all BSs.
II. SYSTEM MODEL
We consider a cellular system with a set B of NB BSs
deployed on a hexagonal layout, where each site is formed
by 3 different co-located BSs, each forming a sector. Each
BS b is equipped with a massive MIMO array with NA
antenna elements and we consider that NU single-antenna
UEs are uniformly distributed in the geographical area. The
set of scheduled UEs in each BS b per transmission time
interval (TTI) and its cardinality are denoted by Kb and
|Kb| = NK,b, ∀b ∈ {1, . . . , NB}, respectively. The system is
operated in a TDD fashion, where channels are estimated at
the BS through the use of UL SRSs sent by the UEs under
the assumption of channel reciprocity [2].
A. Subframe Structure
In this paper, we focus on how UL SRS coordination affects
the DL data rate. Fig. 1 defines the subframe structure adopted
in this work, which is formed by T = 14 OFDM symbols and
a certain number of RBs, according to the adopted bandwidth
(e.g., 100 RBs for the 20 MHz case) [5]. Within this subframe
structure, a variable number τ of OFDM symbols (dark blue
area in Fig. 1) is dedicated to the transmission of UL SRSs,
while the remaining T − τ ones (light grey area in Fig. 1) are
allocated to DL data. It is important to note that in our system
model i) the value of τ is kept constant for all BSs in the
network, but can change according to the different UL SRS
reuse schemes, and that ii) the UEs trained in the UL SRS
region of size τ OFDM symbols are those which are served
immediately after in the DL data region of size T − τ OFDM
symbols. We note that this versatile subframe structure can be
easily adapted to the 5G frame structure by simply setting the
appropriate subframe numerology and partitioning.
B. UL SRS and Channel Estimation
We adopt the UL SRS framework of LTE, where various
UL SRSs configurations are possible as specified in [5]. We
focus on UL SRSs that span the entire bandwidth to allow a
wideband channel sounding. With this in mind, and consid-
ering the 2× time repetition factor as well as the 8 possible
cyclic shifts of the UL SRSs, a maximum of 16 UL SRSs can
be multiplexed in one OFDM symbol [5]. 5G standardisation
is currently discussing whether amendments to this framework
are needed to effectively support massive MIMO applications
and an increasing number of UEs multiplexed per TTI, e.g.,
by constraining the number of OFDM symbols dedicated to
UL SRSs.
Let φk,b ∈ CNP×1 be the pilot sequence of the k-th UE
in the b-th cell. Here, NP denotes the pilot sequence length,
which corresponds to the total number of UL SRSs available.
Let us also define Φb = [φ1,b,φ2,b, ...,φNK,b,b]
T ∈ CNK,b×NP
as the composite matrix containing the UL SRS sequences
used by the NK,b UEs scheduled by BS b. Without loss of
generality, in our system model i) one UE k is allocated at
most one UL SRS sequence, and ii) the maximum number
NK,b of UEs scheduled per TTI cannot be larger than NP.
Moreover, since UL SRSs used within the same BS cell are
orthogonal and cannot be reused, it must be ΦbΦ
H
b = INK,b .
The UL SRSs signals Yb ∈ CNA×NP received at BS b per
time-frequency resource over the NA antennas can thus be
expressed as [9]
Yb =
√
ρ
NB∑
j=1
Hb,jΦj +Nb, (1)
where ρ is the UL transmit power applied by a UE to its
UL SRS, which we assume identical for all UEs, Hb,j ∈
CNA×NK,b is the UL channel matrix between BS b and the
UEs scheduled by BS j, andNb ∈ CNA×NP is the UL channel
additive white Gaussian noise (AWGN) matrix formed by
independent and identically distributed (i.i.d.) Gaussian entries
with variance σ2.
After receiving the UL SRSs, each BS b estimates the UL
channel matrix from the received UL SRSs, which include
the contamination effects caused by the UEs scheduled by all
neighbouring BS j reusing the same UL SRSs. Considering
least-squares estimation, the resultant uplink channel estimate
Ĥb = [ĥ1,b, . . . , ĥNK,b,b] ∈ CNA×NK,b of the b-th BS can be
written as [10]
Ĥb =
1√
ρ
YbΦ
H
b = Hb,b +
NB∑
j∈B\b
Hb,j +
1√
ρ
NbΦ
H
b . (2)
C. Zero-Forcing Precoding and Throughput Formulation
From the channel estimate in (2), the zero forcing (ZF)
precoder
W
ZF
b =
[
w
ZF
1,b, . . . ,w
ZF
NK,b,b
]
(3)
at BS b can be calculated as [11]
W
ZF
b =
(
D
ZF
b
)− 1
2
Ĥb
(
Ĥ
H
b Ĥb
)−1
, (4)
where the diagonal matrix DZFb is chosen to meet the power
constraint at each BS with equal UE power allocation, i.e.,
‖wZFk,b‖2 = PB/NK,b ∀k, b.
The DL SINR on a given time-frequency resource for UE
k can be calculated as
γZFk,b =
∣∣∣hHk,bwZFk,b∣∣∣2∑
j∈B
∑
k∈Kj
|hHk,jwZFk,j |2+σ2
. (5)
Then, the sum DL throughput at BS b can be computed as
Γb =
(
1− τ
T
)
︸ ︷︷ ︸
Overhead
loss
·
NK,b∑
k=1︸︷︷︸
Multiplexing
gain
B log2(1 +γ
ZF
k,b︸︷︷︸
SINR affected
by UL SRS
contamination
), (6)
where B denotes the system bandwidth.
III. UL SRS COORDINATION
In this section, we first recall two fixed pilot reuse schemes,
namely Reuse 1 and Reuse 3. We then introduce fractional
reuse, describing both the cell-centric (FR-CC) and the pro-
posed neighbour-aware (FR-NA) approaches, along with the
criteria they respectively employ to associate UEs to the pool
of protected and shared UL SRS resources. Fig. 2 illustrates
all above approaches for the case when UL SRSs use τ = 3
OFDM symbols, thus leading to a maximum of NP,τ=3 = 48
orthogonal UL SRSs. More in general, the number NK,b of
scheduled UEs at the BS b can be expressed as
NK,b ≤
⌊
NP,τ
3βPR + βSH
⌋
. (7)
In (7), βPR ∈ [0, 1] denotes the fraction of protected UL SRS
sequences. These protected sequences are orthogonal among
UEs served by different BSs – i.e., in different sectors – of the
same deployment site. The remaining fraction of sequences is
denoted βSH = 1−βPR, and contains those sequences that can
be reused across the three sectors of the same deployment site.
We note that both Reuse 1 and Reuse 3 can be regarded as
special cases of (7) with βPR = 0 and βPR = 1, respectively.
A. Reuse 1 (βPR = 0)
With Reuse 1, all UEs scheduled by all BSs share the entire
set of UL SRSs. UL SRS orthogonality is only guaranteed
among UEs associated with the same BS but not among UEs
connected to different BSs. For each OFDM symbol reserved
for channel training (dark blue area in Fig. 1), NP,τ=1 = 16
UL SRSs can be accommodated, and accordingly, NK,b ≤
16, ∀b ∈ {1, . . . , NB} UEs can be multiplexed during the
DL data phase by each massive MIMO BS. This scheme
allows to multiplex the largest number of UEs, as all BSs can
allocate all UL SRS sequences, but it yields the most severe
pilot contamination. It is important to note that increasing the
number of OFDM symbols dedicated to the transmission of
UL SRSs, while keeping fixed the number of scheduled UEs
(i.e., NK,b < NP), allows to reduce the probability of reusing
the same UL SRS across the network, thus mitigating pilot
contamination.
B. Reuse 3 (βPR = 1)
With Reuse 3, three co-located BS sectors within the same
cell site use three different and orthogonal sets of UL SRSs.
Thus, UL SRS orthogonality is preserved across the entire
cell site. With respect to UL SRS Reuse 1, this scheme thus
leads to lower pilot contamination. However, according to (7),
this effect comes at the expense of training only one third of
the UEs given a fixed τ , or alternatively, using three times as
many OFDM symbols τ when considering a fixed number of
scheduled UEs per BS. Therefore, a trade-off exists between
UL SRS Reuse 1 and Reuse 3, i.e., pilot contamination versus
associated training overhead. It is important to note that pilot
contamination can still be generated in Reuse 3 by UEs located
in BSs lying in different sites that reuse the same resources.
C. Fractional Reuse (0 < βPR < 1)
Fractional UL SRS reuse generalized fixed reuse, providing
a further degree of flexibility between Reuse 1 and Reuse 3.
FR applies the Reuse 3 concept for a specific fraction of UEs
βPR and the Reuse 1 concept for the remaining fraction βSH.
For a fixed number of OFDM symbols dedicated to UL SRSs,
this scheme is capable of multiplexing a larger number of
sequences than Reuse 3 (but still fewer than Reuse 1) while
providing less pilot contamination than Reuse 1 (but still more
severe than Reuse 3). Evaluating the impact of varying βPR,
which controls the split between protected and shared UL SRS
resources, and of the way protected and shared UL SRSs
are allocated to UEs can guide mobile operators on how to
trade pilot contamination for overhead in their quest for higher
overall capacity. We will carry out such evaluation in Sec. IV.
In what follows, we detail UL SRS allocation in two FR
schemes: FR-CC and the proposed FR-NA. .
• Cell-centric fractional reuse (FR-CC): With this ap-
proach, proposed in [8], [9], each BS helps its UEs
positioned at the cell edge, whose UL SRSs reach the
BS with low power, and who can potentially suffer more
from neighbouring UEs contamination. In practice, this
strategy can be implemented by ranking all scheduled
UEs according to increasing values of the power pi,b
that BS b receives from each UE i. Such power value
can be fed back to the BS via measurement reports. The
protected UL SRS resources are then assigned to the top
fraction βPR of UEs in such ranking, whereas the shared
UL SRS resources are assigned to the remaining bottom
βSH fraction of UEs.
• Neighbour-aware fractional reuse (FR-NA): With this
strategy instead, we propose to abandon the above cell-
centric approach, and to take a broader and selfless
perspective by accounting for the contamination effect
produced by each UE to the UL SRSs of UEs in neigh-
bouring cells. In other words, we propose to assign the
protected UL SRSs to the UEs that generate the most
interference to neighbouring BSs. This strategy is imple-
mented by ranking all scheduled UEs according to in-
creasing values of the maximum power maxj∈B\b{pi,j}
that UE i receives from all other BSs. Such power value
can be reported by each UE i to BS b and, owing
Fig. 2: Example of different UL SRS allocation and reuse schemes with τ = 3 OFDM symbols dedicated to channel training. For each OFDM symbol, a
maximum of 16 orthogonal UL SRS sequences can be allocated. The light grey area corresponds to the blanking region of the three co-located BSs, i.e.,
sectors, implemented for pilot interference mitigation. For FR schemes, the split between protected and shared resources is illustrated.
TABLE I: System-level simulation parameters
Parameter Description
Cellular layout Hexagonal with wrap-around, 19 sites, 3
sectors each, 1 cellular BS per sector
BS inter-site distance 500 m [12]
UEs distribution Uniform
Path loss and LOS prob. 3GPP UMa [12]
Shadowing Log-normal [12]
Fast fading Ricean, distance-dependent K factor [13]
Thermal noise -174 dBm/Hz spectral density
Carrier frequency 2 GHz [12]
System bandwidth 20 MHz with 100 resource blocks [12]
Duplexing mode TDD
BS precoder Zero forcing [11]
BS antennas Downtilt: 12◦ , height: 25 m [12]
BS antenna array Uniform linear, element spacing: d = 0.5λ
BS antenna pattern Antennas with half-power beamwidth of
65
◦ and gain of 8 dBi [14]
BS tx power 49 dBm [12]
UE antennas Single omnidirectional antenna [12]
UE tx power 23 dBm [12]
UE noise figure 9 dB [12]
Traffic model Full buffer
to channel reciprocity, it provides information on the
interference caused by UE i to all other BSs. In FR-NA,
the protected UL SRS resources are then assigned to the
top fraction βPR of UEs in such ranking, whereas the
shared UL SRS resources are assigned to the remaining
bottom βSH fraction of UEs.
IV. PERFORMANCE EVALUATION
In this section, we evaluate the performance of the schemes
described in Sec. III in a practical cellular deployment sce-
nario, whose parameters are summarized in Table I.
A. Contamination vs. Overhead Trade-off
In Fig. 3, we evaluate the trade-off between pilot contami-
nation and associated overhead when progressively increasing
the portion τ of OFDM symbols reserved to UL SRSs,
while keeping fixed the number NK,b of UEs scheduled. In
particular, we show the UL SRS contamination perceived at
the BS as a function of the 50th-percentile values of the BS
throughput when using NA = 64 (resp. 128) BS antennas
with NK,b = 16 (resp. 32) scheduled UEs. The value of
this contamination is the measure of the interference over the
received pilot sequences in (1) generated by UEs located in
different cells and reusing the same sequences that, during the
channel estimation procedure in (2), results in the inability
of separating their different channel directions. The results in
this figure are obtained with Reuse 1 and with τ varying from
τ = 1 to τ = 14 (corresponding to the maximum number T
of OFDM symbols in the subframe). Intuitively, increasing τ
translates to a reduction in the probability that the same pilot
sequence is reused in neighbouring cells. The idea behind this
figure is to guide the system designer by showing the trade-off
between overhead and contamination effects.
Fig. 3 shows that increasing the value of τ is initially
beneficial to decrease contamination and, as a result, to
augment the BS throughput. This happens mainly because
the reduction of pilot contamination is predominant over the
increased overhead. However, further increasing τ beyond a
certain point does not increase the BS throughput, as the
larger training overhead outweighs the benefits of mitigating
pilot contamination. Fig. 3 also illustrates the performance of
Reuse 3, which enforces full orthogonalisation among the three
co-located BSs lying in the same site. This can be achieved
with τ = 3 for the 16 UEs case and with τ = 6 for the 32
UEs case. The gain exhibited by Reuse 3 over Reuse 1 is in
median around 75% and 33% for NK,b = 16 and NK,b = 32,
respectively. Although not explicitly shown for brevity in this
paper, these gains increase respectively to around 130% and
70% at the cell border (i.e. 5th-percentile).
In practical massive MIMO deployments, systems with a
larger number of simultaneously scheduled UEs represent
a more challenging scenario for UL SRS coordination. In
Fig. 3: Trade-off between UL SRS contamination mitigation and overhead in
terms of the 50th- percentile of the DL BS throughput.
the remainder of this section, we therefore focus on the
configuration with 32 UEs and 128 antennas.
B. Fixed Reuse vs. Fractional Reuse
Fig. 4 represents the cumulative distribution function (CDF)
of the pilot interference (i.e., contamination) measured at the
BSs during the reception of UL SRSs. In this figure, we fix
τ = 6, NK,b = 32, and NA = 128, which results in 32 UL
SRSs used by each BS. Moreover, we consider and compare
the following reuse schemes: Reuse 1, Reuse 3, Cell-centric
Fractional Reuse (FR-CC), and the proposed Neighbour-Aware
Fractional Reuse (FR-NA). For the cases of FR-CC and FR-
NA, we allocate the SRSs of 16 UEs in protected time-
frequency resources, whereas the remaining 16 UEs share the
same pool of resources. For comparison purposes, we also
illustrate the contamination incurred by Reuse 1 with τ = 2
OFDM symbols for CSI acquisition, which entails a 100%
collision probability among the UL SRSs allocated to the
different BSs.
As expected, we can see how FR-CC and FR-NA lie
in between the performance of Reuse 1 and Reuse 3 in
terms of contamination mitigation. Moreover, the two curves
almost overlap for the lowest values of pilot interference.
This area is associated with UEs that benefit of the protected
resources. However, the curves diverge for higher values of
pilot interference. In this area, the UEs are allocated over
resources where pilot orthogonality cannot be guaranteed. The
different values obtained by the curves of FR-CC and FR-NA
in this region are a direct consequence of the UL SRS strategy
adopted to select the UEs to be assigned protected resources. It
can be seen that our proposed FR-NA scheme outperforms the
FR-CC approach. Having a serving cell perspective only, as
in FR-CC, turns out not to be the best approach. These results
clearly indicate that one should allocate the protected UL SRSs
to the UEs that can potentially create stronger interference (as
in FR-NA) rather than to the ones located at the cell border
(as in FR-CC).
In Fig. 5, we analyse in more detail the effects produced
by our proposed FR-NA scheme when NK,b = 32 and
Fig. 4: Distribution of the interference measured at the BS during UL SRS
reception. Comparison among state-of-art reuse schemes and our proposed
FR-NA method when the number of scheduled UEs is NK,b = 32.
NA = 128. As in Fig. 3, here results are shown for various
values of τ = {3, 4, 5, 6}. The idea behind this figure is
to guide the system designer by showing the impact of τ
on the BS sum throughput in (6). It can be observed here
that progressively increasing the orthogonality of UL SRS
sequences from Reuse 1 (up to Reuse 3 where possible) using
FR-NA, by configuring the fraction of protected resources,
is effective to improve the overall performance. In Fig. 5,
different marker colors correspond to different numbers of
orthogonal UL SRS sequences, increasing from left to right.
In particular, we can highlight a throughput gain of around
45% achieved by the configuration (τ = 4, FR-NA) with 16
UL SRS allocated over the protected resources with respect to
the configuration (τ = 2, Reuse 1). Moreover, the throughput
gain of (τ = 4, FR-NA) with respect to (τ = 6, Reuse 3) is
around 10%.
Although these gains may not seem remarkable, it is im-
portant to highlight that the ongoing 5G standardization may
not grant τ = 6 OFDM symbols for the UL SRS region,
thus compromising the ability of Reuse 3 to multiplex a high
number of UEs and to fully exploit the benefits of massive
MIMO BSs. When τ is constrained to 4 or less OFDM
symbols, the advantage of FR-NA becomes more significant,
especially when it is required to multiplex a large number of
UEs with the best possible channel estimation capabilities.
C. Spatial Multiplexing Capability
In Fig. 6, we analyse the effects of spatial multiplexing
while τ = 4, NP,τ=4 = 64, and NK,b varies. The figure is
divided in two main subsets of results highlighted by arrows:
1) We start from Reuse 3, which according to (7) allows
to accommodate NP = NK,b = 20 fully orthogonal
UL SRS sequences in three co-located BSs, and we
progressively increase NK,b up to 44 using the proposed
FR-NA approach. To be able to multiplex 44 UEs, we
select 10 UEs to be allocated protected resources, while
we assign shared resources to the remaining 34 UEs.
Fig. 5: DL BS throughput as a function of the UL SRS contamination. Effects
produced by progressive UL SRS orthogonalisation via FR-NA when NK,b =
32 and NA = 128. Results measured at the 50
th-percentile.
2) We keep fixed NK,b = 32 and we progressively increase
the orthogonality of the UL SRS sequences, thus reducing
the contamination effect, by increasing the fraction of
protected resources βPR to accommodate the transmis-
sion of UL SRSs for {4, 8, 16} UEs in the protected re-
sources (similarly to what shown in Fig. 5 and introduced
here as a term of comparison).
The rationale behind Fig. 6 is to guide the system designer
in quantifying the trade-off between multiplexing gain and
increased contamination. The results of this figure illustrate
that, given a fixed number of OFDM symbols reserved for
UL SRS transmission (in this case τ = 4), it is possible
to opt for keeping fixed the number of scheduled UEs (in
this case NK,b = 32) and increase the orthogonality to the
maximum level, providing a 26% throughput gain with respect
to Reuse 1. Moreover, Fig. 6 shows that the proposed FR-
NA makes it possible to double the number of spatially
multiplexed UEs with respect to Reuse 3 (from 20 to 40),
while still providing a 10% throughput gain thanks to both
i) the selection of the appropriate number of time-frequency
resources allocated to the protected UL SRSs, and ii) the
proposed FR-NA UE selection for pilot sequence assignment.
V. CONCLUSION
We compared the virtues and shortcomings of various UL
SRS allocation strategies with the aim of providing useful
takeaways for the practical design of massive MIMO systems.
While the detrimental effect of pilot contamination can be re-
duced through conservative pilot reuse schemes, their benefits
vanishes when the correspondent overhead is considered. As
a trade-off between conservative and aggressive fixed reuse
approaches, we proposed a novel fractional reuse strategy
based on selflessly relieving neighbouring BSs of severe pilot
contamination. The results of extensive simulation campaigns
prompted us to draw the following conclusions: i) If the
number of OFDM symbols τ dedicated to UL SRS is large,
then Reuse 3 is the solution of choice; ii) If only a relatively
small τ is allowed instead – likely to occur in practice –, then
Fig. 6: Interference on UL SRS sequence as a function of DL BS throughput
measured as the 50th-percentile. The curves show the effect of progressively
increasing the number of UEs while decreasing their orthogonality.
Reuse 3 becomes infeasible, and fractional UL SRS reuse can
be seen as the viable alternative; iii) Allocating protected UL
SRS resources to UEs that create the most contamination to
neighbouring cells – as proposed – outperforms a cell-centric
approach that simply protects cell-edge UEs.
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